We report ALMA observations of molecular gas and continuum emission in the 90 and 350 GHz bands toward a nearby Seyfert galaxy NGC 613. Radio continuum emissions were detected at 95 and 350 GHz from both the circum-nuclear disk (CND) (r < ∼ 90 pc) and a star-forming ring (250 pc < ∼ r < ∼ 340 pc), and the 95 GHz continuum was observed to extend from the center at a position angle of 20
Introduction
For understanding the activity and evolution of active galactic nuclei (AGN), it is essential to investigate its fueling process.
AGN must be fed with material available in the galactic disk of the host galaxy. The galactic bar can effectively drain angular momentum of interstellar gas and transport the gas inward to Koribalski et al. (2004) 1471 km s −1 (3 km s −1 ) * Values in parentheses represent the uncertainties.
the disk center. The gas gathers on nearly circular orbits (x2 orbits) and forms nuclear rings (r ∼ a few 100 pc) (Binney & Tremaine 1987) . CO surveys have shown that central concentration of molecular gas is higher in barred galaxies than in non barred galaxies (e.g., Sakamoto et al. 1999 , Nishiyama et al. 2001 , Sheth et al. 2005 . However, the rings as dynamical barriers can prevent the gas from flowing inward (Regan & Teuben 2004) . This is supported by the result that a correlation cannot be determined between the galactic bars and AGN activities (Hunt & Malkan 1999) . To discuss the fueling process of AGN, we must investigate the dynamics and physical properties of molecular gas from the ring to the center via the circum-nuclear disk (CND) at r ∼ 1−100 pc.
X-ray radiation and jet/outflow are important feedbacks of the AGN. X-ray radiation from AGN can effectively heat gas in the nuclear region because it can penetrate large amounts of dust and gas. Therefore, the X-ray radiation generates internal turbulence in the CND and constricts mass accretion to the center (Wada 2012) . Such an X-ray dominated region (XDR; e.g., Maloney et al. 1996 , Meijerink & Spaans 2005 can contribute to the enhancement of several molecular lines; for example, HCN and its physical properties have been estimated through multiline observations of dense gas tracers (e.g., Krips et al. 2008 , Krips et al. 2011 . However, recent multiline observations have suggested that the enhancement is explained by high-temperature chemistry (e.g., mechanical heating) rather than XDR chemistry (e.g., Izumi et al. 2013 , Izumi et al. 2016 . Jet/outflow activities from AGNs can also heavily influence the fueling process in the CND and ring. Recent observations toward the center of NGC 1068 with high spatial resolution (∼ several 10 pc, e.g., Krips et al. 2011 , Viti et al. 2014 showed that the HCN distribution, which traces a dense gas of n(H2) > ∼ 10 4 cm −3 , is concentrated at the center. In addition, the molecular outflow signatures from the AGN were identified not only in the CO but also in the HCN and HCO + . The jet can drag gas outwards on scales of ∼ 100 pc, and hence regulate activity of the accretion disk (Combes et al. 2013 ). In addition, note that shock heating by the jet is an important heating source that generates turbulence. It is necessary to derive the physical properties, such as temperature and density of shocked gas in the CND, to identify the heating source of the hot gas in the CND.
The nearby barred galaxy NGC 613 (figure 1) hosts a lowluminosity AGN, which is identified through mid infrared spectroscopy (Goulding & Alexander 2009 ) and X-ray observations by using the XMM-Newton (Castangia et al. 2013) . NGC 613 is one of the best targets for studying the jet/outflow activities due to the proximity (17.5 Mpc; Tully 1988), relatively abundant Schöier et al. 2005) molecular gas around the center (e.g., Elfhag et al. 1996) , activity shown by the radio jet (Hummel et al. 1987) , and nuclear ring with moderate inclination (i ∼ 55 • , Hummel & Jorsater 1992) . The basic parameters of NGC 613 are summarized in table 1. The nuclear ring, which is clearly defined in Brγ, is likely to be disturbed at the north-east by the outflow from the AGN. The high flux ratio of [FeII]-to-Brγ and large velocity dispersion of [FeII] support the interaction between the outflow and nuclear ring (Falcón-Barroso et al. 2014) . In contrast, the high flux of H2 in the center can be explained by the heating due to the X-ray radiation or/and shock (e.g., Maloney et al. 1996 , Hollenbach & McKee 1989 .
In this paper, we present Atacama large millimeter/submillimeter array (ALMA) cycle 2 observations toward the central region of NGC 613 at Bands 3 and 7. The remainder of this paper is structured as follows. Section 2 describes the observations and data reduction. In section 3, the distribution of continuum and molecular gas is presented, and the basic parameters of NGC 613 are determined. The physical conditions of the molecular gas in the central region both under local thermodynamic equilibrium (LTE) and non-LTE conditions are investigated and the activities for explaining the gas heating at the CND are discussed in section 4. Finally, conclusions are drawn in section 5.
Observations
NGC 613 was observed through the ALMA using Bands 3 and 7 receivers, as a Cycle 2 early science program (ID 2013.1.01329.S, PI: Miyamoto). For both Bands 3 and 7 observations, the 12-m array, Atacama compact array (ACA) and total power array (TP) were used. The baseline lengths extended up to 1573.0 m (524.3 kλ at 100 GHz) for Band 3 and 780.7 m (923.9 kλ at 355 GHz) for Band 7. The typical synthesized beams at Bands 3 and 7 were 0.
′′ 7 and 0. ′′ 4, corresponding to 59
and 34 pc, respectively, at the distance of the galaxy. Singlepoint observations were conducted using the 12-m array and ACA for Band 3 and three-point mosaic observations were conducted using the 12-m array and ACA for Band 7. These setups allowed us to image a CND of ∼ 100 pc diameter and the sur-rounding star-forming ring of ∼ 600 pc diameter (Böker et al. 2008; Falcón-Barroso et al. 2014) . The phase reference center was adopted to be (αJ2000.0, δJ2000. (Elfhag et al. 1996) . The proportion of the CO(1-0) intensity at VLSR = 1250-1660 km s −1 to the total intensity at VLSR = 1250-1710 km s −1 is ∼ 97 %, and the equivalent underestimation of the total flux can be expected in CO(3-2).
The data were processed using the Common Astronomy Software Application (CASA; McMullin et al. 2007 ). The velocity resolution of each line data obtained at different observing tracks with the 12 m array and ACA were separately rearranged to be 10 km s −1 , except for the resolution of 2.5 km s −1 in CO(3-2). Each line data was then combined after subtracting continuum emission determined at the emission-free channels.
To image the continuum emission, we used the flux density at the emission-free channels. The imaging was performed using the CLEAN-algorithm in CASA. CLEAN maps were obtained considering the Briggs weighting mode on the data with a robustness of 0.5. The resultant maps were 1500 × 1500 pixels with 0. ′′ 05 per pixel. For the line emission images, TP data were calibrated through flagging and the system temperature correction, and imaged independently from the 12-m array and ACA data. By using the Feather algorithm in CASA, the low-resolution image obtained through the TP and highresolution image obtained through the 12-m and ACA were converted into the gridded visibility plane and combined. Finally, the data was reconverted into a combined image. The synthesized beams of CO(4-3), θ = 0. (Hummel et al. 1987 ) and an ultraluminous X-ray point source (Liu & Bregman 2005) . Hereafter, we adopt the peak position as the center of NGC 613. The 95-GHz continuum elongates from the center at a position angle of 20
• ± 8 • , which is consistent with that of lowfrequency radio continuum of 4.9 and 14.9 GHz within the error (P.A.= 12 • , Hummel & Jorsater 1992) . We obtained the 4.9 GHz data (project AH231) from Very Large Array (VLA) archives and reanalyzed them in a standard manner in CASA. . At the center, the spectral index α ∼ −0.6. The index is slightly flatter than that derived from 4.9 and 14.9 GHz continuum images (−0.8; Hummel & Jorsater 1992) , suggesting the contribution of free-free emission from H II regions in addition to synchrotron emission (e.g., Condon 1992) . The same spectral index of α ∼ −0.7 at 4.9-14.9 and 4.9-95 GHz at the southern blob 0. ′′ 9 from the center implies that the blob can be dominated by synchrotron emission due to the nuclear jets (Hummel et al. 1987) . In contrast, the flat spectrum (α ∼ −0.2) in the ring can be produced through the free-free emission from young star-formation regions (Falcón-Barroso et al. 2014) . The dip occurs at a velocity of the peak temperature of CS(7-6) (VLSR ∼ 1460 km s −1 , figure 11 ).
Recent observations have reported self and/or continuum absorption lines in dense gas tracers, e.g., HCN, HCO + , and CS toward the nuclei of Seyfert galaxies and (ultra) luminous infrared galaxies ((U)LIRGs) (e.g., Aalto et al. 2015 , Scoville et al. 2015 , Lin et al. 2016 . Although the absorption of HCN and HCO + toward the center of NGC 613 cannot be identified from the combined data of all arrays (θ ∼ 0.
apparently (black lines in figure 6), by using only the 12-m extended array (θ ∼ 0. ′′ 6), we can recognize the dip features (or plateau) at the velocity of VLSR ∼ 1460 km s −1 (gray lines in figure 6 ). These results indicate that the size of the absorbing cloud is significantly smaller than the beam size (θ ∼ 0.5" = 42 pc). We also detected C2H(1-0, 3/2-1/2) line at 87.316925 GHz . These results indicate that C2H traces the photodissociation region in the ring, thus being consistent with the result of NGC 1097 . However, SiO(2-1), known as a tracer of shocks (e.g., Martin-Pintado et al. 1992) , is detected marginally [signal-tonoise ratio (S/N)∼ 4; figure 7 ] at the edge of the radio jets, as shown by circles in figure 2 (d), probably indicating the existence of shock regions related to the jets. However, for a detailed discussion, it is necessary to improve data quality.
Band7
Figures 8 HCN(4-3), HCO + (4-3), and CS(7-6) were detected in the CND and a part of the star-forming ring. In contrast, CO(3-2) was detected in the CND and star-forming ring and along the galactic bar. The southern galactic bar is weaker than the northern; this may be attributed to the limited high velocity range of CO(3-2).
Basic parameters of NGC 613
3.3.1 Systemic velocity, position angle, inclination angle, and rotation curve Figure 11 shows the spectra of CO(3-2), CS(7-6), HCN(4-3), and HCO + (4-3) toward the center of NGC 613, (αJ2000.0, Koribalski et al. (2004) , that is, Vsys = 1470 ± 5 km s −1 in radio definition with respect to LSR. We kinematically determined the basic parameters of NGC 613, such as the systemic velocity (Vsys), inclination angle (i), position angle of the major axis (θmaj), rotational velocity (Vrot), and velocity dispersion (vs), by using the program of 3D-based analysis of rotating objects from line observations ( 3D Barolo) that fits a 3D tilted-ring to spectroscopic data cubes (Di Teodoro & Fraternali 2015) . The 3D Barolo can estimate the basic parameters, such as the dynamical center (x0, y0), Vsys, i, θmaj, Vrot, and vs, by comparing the model with the observed data at each ring of radius r and width w, assuming that the ring has a constant circular velocity (Vrot) depending only on r. The data cube of CO(3-2) with the velocity resolution ∆v =2.5 km s −1 was utilized for this proce- • adopted by Burbidge et al. (1964) , respectively. 
The red contours superimposed on the PV diagram by the data cube of CO(3-2) (black contour) in figure 13 are the best fit model with 3D Barolo along θmaj = 118
• (major axis) and Considering that the gas motion in NGC 613 is counterclockwise and the southern part of NGC 613 is on the near side (Burbidge et al. 1964) , the components with a higher velocity than Vsys at Y ∼ 1 ′′ − 2 ′′ may be associated with the outflow from the CND. The velocity shifts of v > Vsys (Y ∼ −1 ′′ ) and v < Vsys (Y ∼ −2 ′′ ) indicate the inflowing and outflowing gas, respectively, whereas it is difficult to explain this velocity shift based on the coplanar gas motion in the galactic disk. At the point of the velocity shift (Y ∼ −1. ′′ 5), any particular gas distribution cannot be found (figure 10(a)); however, the point corresponds to the edge of the radio jets ( figure 2(d) ). In addition, an extent of strong [FeII] emission was reported from the center to around the velocity shift point (Falcón-Barroso et al. 2014) . The velocity shift is presumed to diffuse outflowing gas over a wide-range direction such as a spherical bubble (e.g. 3.3.2 Mass and radial distribution of molecular gas Figure 14 shows the spectra of CO(3-2) with ALMA TP array and of CO(1-0) with SEST for comparison (Elfhag et al. 1996) . The integrated intensities of CO(3-2) over the velocity range of 1280-1680 km s spectively, and that of CO(1-0) with θFWHM = 44 ′′ is ICO10 = 33.7 ± 0.8 K km s −1 . For the same beam size (θFWHM = 44 ′′ )
in both CO(1-0) and CO(3-2), the ratio of CO(3-2) to CO(1-0) is R 32/10 = 0.25 ± 0.01, which is consistent with the values of R 32/10 =0.2-0.7 toward the centers of 28 nearby galaxies observed through a beamwidth of 21 ′′ (Mauersberger et al. 1999 ) . However, for the central region of r ≤ 5 ′′ (=420 pc), the R 32/10 could be underestimated because it increases toward the center (e.g., Dumke et al. 2001 , Muraoka et al. 2007 , Tsai et al. 2012 , Vlahakis et al. 2013 ). Matsushita et al. (2004) showed R 32/10 ≥ 1.9 ± 0.2 at the nucleus of the Seyfert 2 galaxy M51, whose IR luminosity in (re = 41 pc), at r ≤ 100 pc. The vertical broken lines show the radii re and 2re. The diagonal hatched region (r ≤ 0.75re), light gray region (0.75re ≤ r ≤ 2.25re), and dark gray region (6re ≤ r ≤ 8.25re) are defined as the inner CND, outer CND, and star-forming ring, respectively.
8-1000 µm comparable to that of NGC 613 (Sanders et al. 2003) , averaged over the beamsize of 4. ′′ 2 × 3. (1) for R 32/10 = 0.25-2 with galaxy distance D = 17.5 Mpc.
By using the integrated intensity of CO(3-2) (FCO32), galaxy inclination i, beamwidths θmaj and θmin, and conversion factor XCO, the face-on surface density of molecular gas is given by (2) Figure 16 shows the radial distribution of ΣH 2 for R 32/10 = 2, which was derived by averaging into annuli with width of 0. ′′ 2 (= 17 pc). Position angle P A = 118
• and inclination an-
• were adopted as the parameters of the ellipses.
The 
Discussion

LTE analysis
The rotational temperatures (Trot) and column densities (N mol ) of HCN, HCO + , and CS can be estimated from the rotational diagrams, assuming optically thin LTE. The rotational diagram is the logarithmic plot of the normalized column densities with the statistical weight of the level as a function of energy levels corresponding to the transitions (cf. Izumi et al. 2013 The resultant diagrams of HCN, HCO + , and CS are shown in figure 17 , and the derived rotational temperatures and column densities of the molecules in the inner and outer CNDs and in the star-forming ring are summarized in table 4. While the rotational temperatures and column densities of all molecules gradually decrease with the distance from the nucleus, the temperature of CS is slightly higher than those of HCN and HCO + (bottom-right panel of figure 17 ). Considering that the temperature of CS is high not only in the inner CND but also in the outer region, the absorption of CS(2-1) in the CND (figure 6) does not play a major role in the temperature. Note that Trot and N were derived by fitting only two transitions with approximately one order of magnitude energy differences. By utilizing three transition lines (J = 1-0, 3-2, and 4-3) of HCN and HCO + , Izumi et al. (2013) suggested the presence of two temperature gas components in the CND of NGC 1097: one is responsible for the low-J (J ≤ 3) emission and the other for the high-J (J ≥ 3) emission. In addition, observations toward the center of nearby galaxies in multiple transitions of CS by using a single dish have presented the existence of two temperature gas components (e.g., Bayet et al. 2009 , Aladro et al. 2011 ).
CS(7-6), whose energy level is higher than those of HCN(4-3) and HCO + (4-3), may trace the higher temperature components selectively. To examine the presence of two temperature components and the effect of the warm gas on the higher rotational temperature of CS, it is necessary to obtain the data of adjoining transitions.
The HCN/HCO
+ and HCN/CS ratios Figure 18 shows the integrated intensity ratio maps of HCN(1-0)/HCO + (1-0) and HCN(1-0)/CS(2-1). We convolved each integrated intensity map to a beam of 0. ′′ 72 and only picked points above a 4 σ level in each integrated intensity map. Both the ratios of HCN/HCO and HCN/CS in the center region are higher than those in the ring, even considering the high ratio at the edge of the ring affected by the low S/N. However, note that the peak of the ratio is offset from the center to the northern west (r ∼ 0. The ratio of HCN/HCO + = 1.9 ± 0.1 at the inner CND decreases gradually with the radius, 1.6 ± 0.2 in the outer CND and 1.3 ± 0.4 in the ring. Similarity, HCN/CS shows radial decrease, 4.6 ± 0.5 in the inner CND, 4.1 ± 1.5 in the outer CND, and 2.9 ± 0.7 in the ring. It is expected that the optical depths of these lines are high (τ > ∼ 1; e.g., Jiménez-Donaire et al. 2017), as supported by the dips of the spectra at the center (figure 6). For the optically thick case, as the critical density is lower than its nominal value by a factor equal to the optical depth (Shirley 2015 , Jiménez-Donaire et al. 2017 , these lines can be thermalized. Under these conditions, the intensity ratios mainly depend on the abundance ratio. Actually, the variations of the abundance ratios of N (HCN)/N(HCO + ) and N (HCN)/N(CS) from the inner CND to the ring (table 17) can be found to correspond to the variation of the intensity ratios.
For Band 7 data, we divided the central region of NGC 613 into annuli with widths of ∆r = 0.
′′ 36 from the center (r ≤ 0.
′′ 18). The integrated intensities were convolved to a beam of 0.
′′ 36. In a manner similar to Band 3, the ratios of the integrated intensities were azimuthally averaged in the inner CND, outer CND, star-forming ring, and the intermediate region between the CND and ring (the inter-ring; 1. ′′ 08 ≤ r ≤ 2. ′′ 88). and HCN(4-3)/CS(7-6) ratios as a function of the radius. The 11.6 ± 1.8 10.6 ± 3.7 8.3 ± 2.7 Trot (HCO + ) [K] 12.9 ± 2.6 11.2 ± 4.1 8.7 ± 2.6 Trot (CS) [K] 17.5 ± 2.9 15.9 ± 7.1 11.7 ± 3.7 N (HCN) [×10 13 cm −2 ] 7.7 ± 0.9 4.0 ± 1.1
2.2 ± 0.3 1.3 ± 0.5 0.6 ± 0.2 N (HCN)/N (HCO + ) 3.5 ± 0.7 3.1 ± 1.1 1.9 ± 0.8 N (HCN)/N (CS) 3.5 ± 0.7 3.1 ± 1.5 2.2 ± 1.1 10.5 ratios of both HCN/HCO + and HCN/CS in the CND decrease gradually with the radius, as is the case in Band 3. We plotted the HCN(4-3)/HCO + (4-3) and HCN(4-3)/CS(7-6) ratios in each region on the submillimeter-HCN diagram developed by Izumi et al. (2016) [ figure 19(b) ]. From the inner CND through outer CND, the HCN(4-3)/CS(7-6) ratio slightly decreases in spite of the constant ratio of HCN(4-3)/HCO + (4-3). The ratios of HCN(4-3)/HCO + (4-3) and HCN(4-3)/CS(7-6) in the outer CND and inter-ring locate at the border between the AGN and starburst regimes, and the ratios in the star-forming ring are consistent with those of starburst galaxies. The relatively low HCN/HCO + in the ring could be caused by the HCO + enhancement because HCO + is abundant in strong UV fields, i.e., massive star formation (e.g., Bayet et al. 2011; Meijerink et al. 2011) . By adopting the column densities of CS and HCN derived in section 4.1 and a line width of ∼ 200 km s −1 (figure 11) , we estimated the ratio of line-of-sight molecular column density to the velocity width as NCS/dV (≈ NHCN/dV ) ∼ 2 × 10 11 (cm −2 km s −1 ). Under these conditions, it is expected that both CS(7-6) and HCO + are optically thin (τ << 1), and the variations of the integrated intensity ratios of HCN(4-3)/CS(7-6) and HCN(4-3)/HCO + (4-3) in the regions depend on the kinetic temperature T k , volume density of H2 nH 2 and abundance ratio of CS and HCO + relative to HCN (Izumi et al. 2016 ).
Non-LTE analysis of HCN, HCO + , and CS
We investigated the difference of the physical parameters (T kin , nH 2 , and NH 2 ) in the CND (r < ∼ 0. ′′ 36) and ring (2. ′′ 88 < ∼ r < ∼ 3.
′′ 96) by utilizing the intensity ratios of HCN, HCO + , and CS through the non-LTE radiative transfer code RADEX (van der Tak et al. 2007 ). RADEX uses an escape probability approximation to solve the non-LTE excitation, assuming that all lines radiate from the same region. We adopted a uniform spherical geometry (dV = 15 km s −1 ) and evaluated the minimum residuals between the observed line and modeled intensity ratios. Intensity ratio is described as R
, where Ju and J l are the upper and lower rotational transitions and I mol JuJ l is the integrated intensity of a given molecule at transition (Ju → J l ), as shown by Krips et al. (2008) . In our analysis, we convolved the individual integrated intensity maps with a resolution of 0.
′′ 72, and used the averaged intensity ratios of R = 4.62 ± 2.60 in the ring. All line specifications (spectroscopic data and collisional excitation rates) were taken from the Leiden Atomic and Molecular Database (LAMDA: Schöier et al. 2005 ). For our non-LTE analysis, we varied the gas kinetic temperature within a range of T k = 10-700 K with steps of ∆T k = 10 K, the H2 column density of NH 2 = 10 18 -10 25 cm −2 with steps of ∆NH 2 = 10 1.0 cm −2 , and gas density of nH 2 = 10 3 -10 9 cm Under these conditions, we applied RADEX and conducted a χ 2 test, that is,
is the standard deviation of the observed intensity ratio to search for the best parameters to explain the observed intensities. We confirmed that reasonable solutions based on the χ 2 test could not be obtained when Figures 20(a) and (b) show the resultant best-fitted parameters in the CND and ring, respectively. The dashed lines in figure 20 are the ±1σ error of each ratio, and the dark regions indicate the regions where χ 2 < 1. The best-fitted parameters with χ 2 < ∼ 1 at the CND were obtained to be are needed to satisfy the observed line ratios. In addition, NGC 1097, which shows the similar discrepancy between the abundance ratio estimated through LTE and non-LTE analyses, has been reported , Izumi et al. 2016 . By adopting the intensity ratios based on HCO + , i.e., R = 4.04 ± 0.70 (CND) and 6.26 ± 3.20 (ring), in the analysis, we derived the best-fitted parameters T k ∼300-400 K, nH 2 ∼ 10 4.5−5 cm −3 , and NH 2 = 10 22 cm −2 in the CND and T k ∼100-300 K, nH 2 ∼ 10 4−4.5 cm −3 , and NH 2 = 10 22 cm −2 in the ring; these are consistent with the previous results based on HCN. Although the parameters in the ring could not be determined rigidly because of low S/N of the ratios, the kinematic temperature in the CND (> 300 K) was clearly higher than that in the ring (∼ 80-300 K). In addition, these results suggest that the variations of intensity ratios HCN/HCO + and HCN/CS in the CND and ring (section 4.2) mainly depend on the kinetic temperature rather than on nH 2 and on the enhancement of the abundance ratio of HCO + and CS relative to HCN. figure 1 of Izumi et al. (2016) . The filled circles and squares show the ratios in the inner-CND and star-forming ring of NGC 613, respectively. The filled triangles represent the ratios in the outer-CND and inter-ring for comparison. 35.4 ± 3.1 1477.1 ± 3.4 169.9 ± 7.1 6.4 ± 0.6 21.6 ± 2.1 Narrow 54.2 ± 11.3 1483.8 ± 5.3 50.2 ± 6.2 2.9 ± 0.7 9.8 ± 2.4
NW (-0. ′′ 5, 0. ′′ 75) Red 33.5 ± 2.1 1528.5 ± 2.7 73.8 ± 7.7 2.6 ± 0.3 8.9 ± 1.1 Wide 24.9 ± 1.7 1470.9 ± 5.8 193.8 ± 7.6 5.1 ± 0.4 17.3 ± 1.4 Narrow 28.6 ± 3.2 1479.6 ± 1.0 28.9 ± 3.1 0.9 ± 0.1 3.0 ± 0.5 * Molecular gas mass is derived from equation (1).
(a) (b) 4.4 Activity of the central region of NGC 613
Low star-formation efficiency at CND
We found abundant gas in the CND relative to the ring, while Falcón-Barroso et al. (2014) showed lower star-formation rate (SFR) in the CND, 0.02 M⊙ yr −1 , than those at the spots in the ring, 0.03-0.13 M⊙ yr −1 , by using Brγ with SINFONI on the Very Large Telescope. Figure 21 shows that in the CND, the molecular line intensities are strong, but the Brγ intensity is rather weak, where Brγ is produced through photoionization in the Strömgren spheres around O-or B-type stars and its intensity is an indicator of SFR. Table 5 shows the star-formation efficiency (SFE) defined as the ratio of the SFR surface density to the surface mass density of molecular hydrogen at each position, where R 32/10 = 2 is adopted. The SFE in the CND is almost an order of magnitude lower than those at the spots in the star-forming ring. By applying R 32/10 = 0.25 in the ring because R 32/10 decreases with radius (section 3.3.2), the difference in the SFEs between the CND and ring is increased further. The weak intensity of C2H, which is a tracer of massive star formation, also indicates inactive star formation in the CND (section 3.2.1).
The much lower SFE in the CND cannot be caused by the underestimation of the SFR or uncertainty of the estimated surface density of molecular gas. Brγ is affected by dust extinction, although lesser than Hα. Falcón-Barroso et al. (2014) determined the amount of extinction at the spots in the ring from the Brackett decrement Brγ/Br10 to be the visual extinction of at the spots. In contrast, the extinction at the CND AV = 3.62 was estimated using the color excess E(H − K) and CO line strength index due to the low S/N of the Br lines. Even if the difference of the two measurements is considered, generally 2-5, the SFE at the CND remains lower than those at the spots. The uncertainty of the surface density of molecular gas is mainly caused by R 32/10 and XCO = N (H2)/ICO. R 32/10 (= 2) may be overestimated in the ring and XCO[= 0.5 × 10 20 cm −2 (K km s −1 ) −1 ] is expected to increase with the radius (e.g., Nakai & Kuno 1995 , Bolatto et al. 2013 . Given that R 32/10 in the CND is four times higher than that in the ring (e.g., Tsai et al. 2012) and XCO in the center is ∼ 0.3 dex lower than that in the galactic disk (e.g., Sandstrom et al. 2013) , SFEs in the CND and the spots change from the values in table 5 to 7.8 × 10 −5 yr −1 and 1.2 ± 0.5 × 10 −4 yr −1 , respectively. SFE at the CND is still lower than those at the spots.
Heating source of molecular gas in CND
We determined that the temperature of the molecular gas in the CND (Trot ∼ 12 K, T k > 300 K) is higher than that in the ring (Trot ∼ 8 K, T k ∼ 80 − 300 K), and the ratios of the HCN(4-3)/HCO + (4-3) and HCN(4-3)/CS(7-6) in the CND locate at the AGN domain ( figure 19 ) except the starburst. In addition to the findings that Brγ emission in the CND is weaker than that in the ring (Falcón-Barroso et al. 2014), Asmus et al. (2014) demonstrated that the nuclear MIR flux of NGC 613 is considerably lower (∼ 6%) than that in the ring, marginally resolving the nucleus with T-ReCS in the N-filter mounted on Gemini-South (θFWHM ∼ 0. ′′ 39). These results indicate that the star-formation activity is an unlikely dominant heating source for the hot gas in the CND.
Goulding & Alexander (2009) Falcón-Barroso et al. (2014) discussed about the heating source of molecular gas at the CND, and concluded that the gas cannot be excited through photoionization by UV and soft X-ray radiation but through shock by the nuclear jets, by comparing the flux ratios of [Fe II]/Brγ, H2(1-0) S(1)/H2(2-1) S(1), and H2(1-0) S(2)/H2(1-0) S(0) in the CND with those in the ring and theoretical model. The distribution of the steep spectral index derived from 4.9 and 95 GHz around the center (α < ∼ −0.6, figure 2) and the feature of outflowing gas around the CND in the PV-diagram (figure 13) are compatible with the mechanical heading by the jets. The molecular gas mass of each component is estimated to be of ∼ 10 5 M⊙(table 6). We calculated the virial mass given by Mvir = 1040 σv R, where σv is the cloud velocity dispersion in km s −1 and R is the cloud radius in pc (Solomon et al. 1987) , assuming a spherical cloud with a density profile ρ ∝ r −1 and size of ∼ 30 pc being comparable with the beam size for simplicity. The virial mass ( > ∼ 10 6 M⊙) is obviously larger than the CO luminosity mass, suggesting that the molecular gas is not a gravitationally bound state. Both the blueshifted and redshifted components may not be coplanar gases because the systematic vertical gas motion to the disk is unlikely. Considering that the northern part of the galactic disk is the far side, the blueshifted and redshifted components are regarded as the outflowing gas from the disk and the gas dragged by the jets in the disk, respectively. The observed distribution and kinematics of the molecular gas could be explained by the effect of the radio jets. The simulations of Bicknell (2011) and Wagner et al. (2012) have shown that the jets create a spherical bubble as propagating through ISM and a cocoon of shocked material accelerates molecular gas to high velocities and over a wide range of directions, preventing star formation in the CND, i.e., negative feedback. In the future, we will discuss the relation between molecular gas and the NGC 613 jets in detail. However, to discuss the relation observations of CO(1-0) with higher angular resolution (θFWHM < 0.
′′ 1) are needed (e.g., Cicone et al. 2012) .
Summary
In this study, we made observations of molecular lines and continuum emission toward NGC 613 by using ALMA Bands 3 and 7. The main conclusions are summarized as follows:
1. Radio continuum emissions were detected at 95 and 350 GHz from both the CND and star-forming ring. The 95 GHz continuum extends from the center at a position angle of 20
• ± 8
• . The archival 4.9 GHz data and our 95 GHz data show spectral indices of α < ∼ −0.6 and −0.2 along the jet and in the star-forming ring; these can be produced by synchrotron and free-free emissions, respectively. 2. The emission of CO(3-2), HCN(1-0), HCN(4-3), HCO + (1-0), HCO + (4-3), CS(2-1), and CS(7-6) was detected in both the CND and ring. While SiO(2-1) was detected marginally at the edge of the radio jets, C2H(1-0, 3/2-1/2) was detected unexpectedly in the east side of the ring. 3. The basic parameters of NGC 613 were derived to be the systemic velocity Vsys = 1471 ± 3 km s −1 , position angle θmaj = 118
• ± 4 • , and inclination angle i = 46
• ± 1 • in the region 0. at r > 0. ′′ 5; however, velocity increases steeply in the central region (r < 0. ′′ 5 ≈ 42 pc). Next, a velocity lower than Vsys is featured, bridging between the CND and southern part of the ring, and may be a sign of the outflow from the CND. 4. The molecular gas mass in the region r ≤ 5 ′′ is MH 2 = 7.2 × 10 7 − 5.8 × 10 8 M⊙ for R 32/10 = 0.25 − 2. The radial distribution of the surface density of the molecular gas ΣH 2 derived from CO(3-2) shows an exponential decrease of and HCN(4-3)/CS(7-6) in the CND and ring are consistent with the ratios in the AGN and starburst domains already reported, respectively. The HCN(4-3)/HCO + (4-3)
and HCN(4-3)/CS(7-6) ratios likely depend on the kinetic temperature rather than the volume density of H2 and the abundance ratio of HCO + and CS with respect to HCN. However, the parameters could not be determined rigidly because of the low S/N. 8. The SFE in the CND is almost an order of magnitude lower than those at the spots in the star-forming ring, even though the dominant activity of the central region is the star formation rather than AGN. The large velocity dispersion of CO extending toward the north side of the CND and decomposing into blueshifted and redshifted features are probably explained by the effect of the radio jets. These results strongly suggest that the jets heat gas in the CND where the feedback prevents star formation. 
